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A3STBA8T 


Damping  characteristics  of  honeycomb  sandwich  construction  are 
studied  experimentally.  Tests  are  ma.de  on  a  series  of  constant  section 
cantilever  beams  with  aluminum  alloy  facings  and  cores.  The  beams  have 
equal  depths,  but  have  a  range  of  core  heights  varying  from  0  (solid 
beam)  to  0.8  of  the  beam  depth.  The  resonant  amplification  factor  in 
forced  vibration  and  the  logarithmic  decrement  in  free  vibration  are 
found  for  the  fundamental  mode. 

A  theoretical  analysis  is  performed,  based  on  the  hypothesis  that 
the  specific  energy  dissipation  varies  as  some  power  (the  damping 
exponent)  of  the  maximum  cyclic  stress,  experimental  results  show 
qualitative  agreement  v?ith  predicted  effects  of  core  height  variation. 
Amplitude  dependence  of  observed  damping  indicates  that  the  damping 
exponent  is  between  two  and  three.  Measured  natural  frequencies  agree 
v/ell  with  calculated  values. 
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Introduction 


Honeycomb  sandwich  construction,  as  originally  conceived,  was 
intended  to  increase  the  strength-to—  weight  ratio  of  structures.  The 
theory  of  the  individual  components  may  best  be  described  by  making  an 
analogy  to  an  I-beam,  The  high  density  facings  (see  Figs.  1-3  for 
nomenclature)  of  a  sandwich  beam  correspond  to  the  flanges  of  an  I-beam; 
the  object  being  to  place  a  high  density,  high  strength  material  as  far 
from  the  neutral  axis  as  possible,  thus  increasing  the  section  modulus. 
The  honeycomb  core  is  comparable  to  the  web  of  an  I-beam  which  supports 
the  flanges  and  acts  to  carry  shear  stresses.  The  honeycomb  core 
maintains  continuous  support  of  the  facings  and  may  be  bonded  to  the 
facings  by  cementing  or  bracing. 

The  results  of  uncontrolled  resonant  vibrations  are  well  known. 
Design  approaches  that  may  be  used  to  avoid  detrimental  resonance 
conditions  include  £l]:^ 

1.  Rigidization  of  structural  members. 

2.  Decoupling  of  resonating  systems. 

3.  Detuning  of  coupled  resonators, 

4.  Using  high  fatigue- strength  structural  materials. 

5. -  Reducing  the  vibration  excitation  of  the  structure. 

6.  Incorporating  high-energy  dissipating  mechanisms  into  the 

structural  fabrication. 

All  except  the  last  approach  have  disadvantages  for  reasons  which 
usually  fall  into  two  main  categories:  the  addition  of  too  much  weight 
and  ineffective  damping  over  a  large  frequency  spectrum.  In  contrast, 
incorporating  an  energy  dissipating  mechanism  into  the  structural 
fabrication  will  improve  structural  damping  over  a  broad  band  of 

1 

Numbers  in  brackets  refer  to  entries  in  the  bibliography  which 
appear  on  page  19. 
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frequencies  Honeycomb  sandwich  construction  provides  such  an 

energy  dissipating  mechanism.  In  addition  to  its  main  advantage  of  a 
high  strength-to-weight  ratio,  the  honeycomb  core  serves  as  an  energy 
dissipating  mechanism  which  is  an  integral  part  of  the  structure. 

There  are  various  methods  of  specifying  damping.  The  resonant 
amplification  factor  is  the  primary  method  selected  in  this  study 
to  specify  the  amount  of  damping  that  exists  in  the  honeycomb  sandwich 
material.  The  resonant  amplification  may  be  expressed  as  fcQ: 

a  _  XJo  (O 

^  ~  Do 

where 

U  =  total  elastic  strain  energy  at  maximum  stress  (in. -lb) 
o 

Dq  =.  damping  energy  per  cycle  (in. -lb/cycle) 

The  damping  energy  is  defined  as  LcO: 

where 

D  =  specific  damping  energy  (in. -lb/in. °  cycle) 

3 

V  =  volume  (in.  ) 

The  specific  damping  energy  .D  in  a  material  undergoing  cyclic 
stress  is  assumed  to  be  expressible  as  s 

D  =  JV"  w 

where 

J  ~  material  damping  constant 
n  =  material  damping  exponent 
(T m  maximum  cyclic  stress 

The  damping  exponent  n  and  damping  constant  J  are  considered 
constants,  but  they  vary  with  temperature,  stress  history  and  stress 
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level.  Study  of  the  effects  of  temperature  and  stress  history  are 
beyond  the  scope  of  this  paper;  however,  at  room  temperatures  and  for 
a  moderate  stress  history  no  effect  is  anticipated.  Stress  level  affects 
this  study  directly.  For  many  conventional  materials  n  ~  3  for  low  to 
intermediate  stress  levels.  For  high  stress  levels  (approaching  the 
yield  strength)  the  value  of  n  has  been  noted  as  high  as  8  ClJ  [V]. 

Very  lev;  stress  levels  are  used  in  this  study;  therefore,  the  ampli¬ 
fication  factor  is  analyzed  in  Appendix  I  for  damping  exponents  of  two 
and  three.  At  these  low  stress  levels  the  damping  constant  J  is  assumed 
constant. 

The  logarithmic  decrement  £  specifies  the  damning  in  a  structural 
member  that  is  undergoing  free  vibrations.  It  is  defined  in  terms  of 
the  decay  rate  of  the  vibrations  by  [4]: 

&  Xn+i  "  (4) 

where  X  represents  the  general  vibration  amplitude  and  n  the  number  of 
cycles  of  free  vibration  for  which  the  amplitude  decreases  from  XQ  to 
Xn«  The  logarithmic  decrement  is  thus  defined  by  the  relative  decrease 
of  the  vibration  motion  over  a  given  number  of  cycles  of  vibration. 

The  logarithmic  decrement  may  be  related  to  the  selected  method 
of  specifying  damping  in  this  study,  the  resonant  amplification  factor 
Ay,  by  the  approximation  DO* 

~  RT2-  (5) 

The  error  in  this  equation  is  less  than  one  per  cent  if  the  logarithmic 
decrement  is  less  than  0.13. 

This  study  is  intended  to  compare  theory  with  experiment,  for  a 
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cantilever  beam  configuration,  in  order  to  judge  the  damping  capacity 
of  the  honeycomb  sandwich  material  and  its  variation  with  core  thickness 
and  stress  level.  From  the  variation  of  damping,  as  specified  by  the 
resonant  amplification  factor  with  stress  level,  the  materia.!  damping 
exponent  n  is  evaluated  to  judge  the  validity  of  assumed  values  of  tv/o 
and  three  for  analytical  purposes.  In  addition,  the  observed  natural 
frequency  is  compared  with  the  theoretical  prediction. 
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2.  Experimental  Methods 


There  are  various  methods  of  specifying  the  amount  of  damping  that 
exists  in  an  engineering  material,  two  of  which  are  outlined  in  the 
introduction:  the  resonant  amplification  factor  and  the  logarithmic 
decrement.  These  two  methods  are  related  to  two  experimental  methods 
of  observing  the  damping  behavior:  the  steady  state  forced  vibration 
method  and  the  transient,  or  free  vibration  decay,  method.  Both 
experimental  methods  are  used  in  this  project. 

The  steady  state  forced  vibration  test  me  tree’  basically  consists 
of  establishing  the  resonance  vibration  curve,  i.e.,  the  amplification 
factor  over  a  range  of  frequencies  including  the  resonant  frequency. 

The  amplification  factor  of  a  cantilever  beam  may  be  expressed  as  the 
ratio  of  the  amplitude  y0  at  the  tip  of  the  beam  to  the  amplitude  aQ 
at  the  root  of  the  beam  v:hen  the  root  has  a  forced  harmonic  motion. 


Thus  £33 : 


(6) 


From  an  engineering  viewpoint,  the  maximum  value  of  the  amplification 
factor  and  the  frequency  at  which  this  occurs  are  of  major  interest. 
The  resonant  anplif ication  factor  can  be  determined  experimentally  as 
the  maximum  value  of  the  amplification  factor  or  peak  of  the  resonance 


curve  of  a  steady  state  forced  vibrating  cantilever  beam  DO: 


(7) 


The  steady  state  forced  vibration  test  method  has  the  capability 
of  obtaining  damping  information  over  a  spectrum  of  frequencies  in 
addition  to  affording  simplicity  in  computing  damping  effectiveness. 
In  this  study  only  the  fundamental  frequency  is  examined.  The  basic 
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equipment  requirements  are: 

a.  Vibration  generator  capable  of  producing  vibrations  over 
a  useful  frequency  range; 

b.  Accurate  means  of  measuring  frequency  of  vibrations; 

c.  Equipment  for  measuring  vibration  amplitudes. 

An  electromagnetic  shaker  is  employed  as  a  vibration  exciter.  The  shaker 
is  powered  by  a  low  distortion  power  amplifier  with  a  variable  freouency 
sine  wave  generator  as  a  signal  source. 

In  determining  the  resonance  curve,  the  tip  amplitude  and  root 
amplitude  of  the  beam,  plus  the  vibration  frequency,  must  be  measured. 

An  at celerometer  in  conjunction  with  a  cathode  follower  and  vacuum 
tube  voltmeter  (VTVM)  is  used  to  measure  the  amplitude  at  the  root  of 
the  beam.  A  microscope  is  used  to  measure  the  tip  amolitudes.  The 
frequency  of  vibration  is  measured  by  an  electronic  counter. 

The  specimen  beams  are  mounted  on  a  swindle  which  is  an  extension 
of  the  vibration  generator.  This  is  accomplished  by  an  aluminum  disc 
with  a  threaded  central  hole  'which  is  bonded  to  the  lower  surface  of 
the  specimen  beam  at  mid-length  and  screwed  onto  the  spindle. 

Prior  to  testing,  all  electronic  instruments  are  turned  on  and 
warmed  up  in  accordance  with  manufacturers'  instructions  and  the 
ambient  level  on  the  VTVM  recorded.  The  microscope  is  calibrated  and 
focused  on  a  scribe  line  on  the  end  of  the  beam.  The  thickness  of  the 
scribe  line  is  recorded  to  deduct  from  amplitude  measurements  when  the 
beam  is  vibrating.  Forced  vibrations  are  initiated  and  the  sine  wave 
is  checked  over  the  range  of  frequencies  intended  for  testing  to  insure 
no  distortion.  The  resonant  frequency  is  then  found  and  the  forced 
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vibration,  set,  such  that  the  peak  to  peak  end  amplitude  is  approximately 

five  divisions  on  the  microscope  scale.  Observations  are  then  made  over 
a  two  cycle  band  width,  centered  at  the  resonant  frequency,  at  intervals 
of  approximately  0.1  cps.  After  returning  to  the  resonant  frequency,  the 
amplitude  of  the  forced  vibrations  is  va.ried  over  a  suitable  range,  up 
to  the  limits  of  the  vibration  generator,  to  observe  the  variation  of 
damping  with  amplitude  of  vibration. 

The  free  vibration  decay  test  method  basically  consists  of 
initiating  free  vibrations  in  the  cantilever  bean  and  measuring  the 
frequency  and  rate  of  decay  of  the  free  vibrations,  or  the  logarithmic 
decrement  as  expressed  in  equation  (4). 

The  method  of  mounting  the  specimen  beams  in  this  test  method  is 
the  same  as  in  the  steady  state  forced  vibration  test  method  except 
that  the  mounting  spindle  is  attached  to  a  rigid  foundation.  The  means 
used  to  initiate  free  vibrations  is  a  five  pound  weight  suspended  from 
the  ends  of  the  center-mounted  beam  by  0.001"  diameter  iron  wire.  A 
spreader  is  used  to  keep  the  deflecting  force  on  the  bean  vertical. 
Strain  energy  is  stored  in  the  beam  and  free  vibrations  begin  when  the 
wire  is  melted,  suddenly  releasing  the  weight.  The  vibration  amplitude 
decays  until  the  strain  enei'gy  is  dissipated.  Four  foil  resistance  type 
strain  gages,  arranged  in  a  four  gage  bridge,  are  used  on  each  beam  to 
sense  the  vibration  through  cyclic  variation  of  strains  in  the  material. 
The  strain  gage  signal  is  amplified,  then  recorded  by  an  oscillograph 
with  fluid  type  galvanometers  and  a  companion  timing  unit. 

Prior  to  testing,  the  galvanometer  heating  circuit  is  turned  on 
and  the  fluid  type  galvanometers  warmed  up.  The  amplifier  is  warmed 
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up  in  accordance  with  manufacturer's  instructions.  The  bridge  is 
balanced  with  no  load  on  the  beam,  after  v/hich  the  beam  is  loaded  and 
the  gain  selected  for  maximum  initial  amplitude  of  vibration.  The  load 
is  then  removed  from  the  beam  and  the  trace  calibrated.  The  beam  is 
loaded  by  looping  mild  steel  wire  through  two  eye-bolts  in  a  block, 
v/hich  supports  the  five  pound  weight.  The  ends  of  the  wire  are  looped 
around  the  two  ends  of  the  beam  and  a  spreader  used  to  keep  the  wire 
running  vertically  down  from  the  ends  of  the  beam.  A  plumb  bob  is  used 
to  position  the  five  pound  weight  under  the  center  of  the  beam.  After 
starting  the  oscillograph  at  the  desired  speed  (25  in. /sec)  the  v/eight 
is  released  by  melting  the  wire  between  the  two  eye-bolts  with  a  propane 
torch. 

There  are  six  specimen  beams  tested  by  both  the  steady  state  forced 
vibration  method  and  free  vibration  decay  method.  Five  of  the  beams  are 
of  a  length  to  thickness  ratio  of  20  and  core  thickness  to  total  thick¬ 
ness  ratios  of  approximately  0,  0.26,  0.40,  0.52  and  r'.30.  The  sixth 
beam  has  a  length  to  thickness  ratio  of  27.5  and  a  core  thickness  to 
total  thickness  ratio  of  approximately  0.26.  The  purpose  of  the  solid 
beam  is  to  determine  experimentally  a  value  of  the  damping  constant  J 
which  is  employed  in  equations  (26)  and  (28)  of  Appendix  I  to  predict 
the  resonant  amplification  factor  Ar  for  the  honeycomb  sandwich  beams. 
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3.  Experimental  Results 

Experimental  results  are  summarized,  on  pages  14  to  17.  The 
experimental  results  of  the  steady  state  forced  vibration  test  method 
are  presented  on  graphs,  Figs.  4  and  5.  Results  are  also  listed  in 
Tables  I  and  III  for  comparison  with  predicted  values.  The  experi¬ 
mental  results  of  the  free  vibration  decay  test  method  are  listed  in 
Tables  II  and  III. 

The  results  of  the  steady  state  forced  vibration  tests  in  Fig.  4 
show  the  variation  of  the  resonant  amplification  factor  versus  tip 
amplitude  of  the  beam.  The  initial  portion  of  several,  of  the  curves 
is  dashed  because  the  ambient  voltage  on  the  voltmeter,  used  in 
determining  the  root  armlitude,  is  approximately  ten  per  cent  of  the 
recorded  amplitudes.  This  lends  some  uncertainty  to  the  reliability 
of  the  resonant  amplification  factor  in  this  portion  of  the  curve. 

As  the  root  amplitude  increases,  the  effect  of  the  ambient  voltage 
becomes  much  less  and  the  trend  of  the  curves  becomes  more  evident. 

The  curves  in  Fig.  4  indicate  a  decrease  of  the  resonant 
amplification  factor  as  the  tip  amplitude  of  the  beam  increases  in 
all  cases  except  for  the  longer  beam.  The  slope  of  the  curves  is  an 
indication  of  the  value  of  the  damping  exponent  n.  The  damping 
exponent  is  evaluated  in  Appendix  III  from  each  of  the  curves  in 
Fig.  4  and  the  results  are  listed  in  Table  I. 

In  Table  I  the  resonant  amplif ication  factor  as  found  experimentally 
by  the  steady  state  forced  vibration  test  method  is  compared  with 
predicted  values  for  damping  exponents  of  two  and  three.  The  experimental 
values  are  taken  from  Fig.  4  for  a  tip  amplitude  of  0.008".  The 
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predicted  values  were  computed  using  the  same  amplitude.  Comparison 
of  the  observed  resonant  amplification  factor  with  that  predicted 
reveals  the  erratic  behavior  of  the  observed  values,  -his  behavior 
suggests  the  influence  of  damping  other  than  that  of  the  beam  itself. 
The  bonding  material  between  the  bottom  face  of  the  beam  and  the 
aluminum  mounting  disc  is  believed  to  have  contributed  a  major  portion 
of  this  damping  energy.  The  damping  characteristics  of  the  bonding 
material,  Eastman  910  adhesive,  are  beyond  the  scope  of  this  project. 
However,  an  analysis  is  made  in  Appendix  III  to  approximate  the 
magnitude  of  the  strain  energy  involved.  The  results  indicate  the 
strain  energy  in  the  bond  may  be  of  the  order  of  magnitude  of  40  per 
cent  of  the  total  strain  energy  in  the  beam.  The  curves  of  Fig.  5  are 
the  results  of  an  attemot  to  evaluate  the  damping  influence  of  the 
bonding  material  between  the  beam  and  the  aluminum  disc.  The  lower 
curve  gives  the  results  of  a  test  in  which  the  solid  beam  was  partially 
drilled  and  tapped,  as  indicated  in  Fig.  5,  as  a  means  of  mounting  the 
beam.  These  results  are  very  nearly  coincident  with  the  results  of  the 
tests  with  the  bonded  aluminum  disc  mounting  system. 

The  results  of  the  resonant  amplification  factor  as  observed  by 
the  free  vibration  decay  tests  are  listed  in  Table  II  for  average  tip 
amplitudes.  These  results  also  show  erratic  behavior  for  the  various 
core  thicknesses.  Comparisons  with  Fig.  4  also  indicate  resonant 
amplification  factors  much  less  than  the  results  of  the  steady  state 
forced  vibration  test  method.  This  suggests  the  influence  of 
additional  damping  other  than  from  the  beam  itself  and  the  mounting 
system.  There  are  several  places  suspected  where  this  energy  is  being 
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dissipated.  The  segments  of  wire  which  remain  attached  to  the  ends  of 
the  beam  after  melting  to  release  the  five  pound  weight  are  suspected 
of  contributing  the  major  portion  of  this  stray  damping.  The  other 
mechanisms  suspected  of  dissipating  energy  are  the  foil  strain  gages, 
their  bonding  material,  and  short  segments  of  electrical  connections 
from  the  gages  to  the  point  where  the  leads  are  secured  to  the 
mounting  spindle. 

The  results  of  resonant  frequency  measurements  of  both  test  methods 
are  compared  with  predicted  values  in  Table  III.  Two  predicted  frequencies 
are  listed,  the  column  headed  by  ’’w/shear"  takes  into  account  the  effect 
of  shear  in  the  core,  while  the  column  headed  by  "w/o  shear11  completely 
neglects  the  effect  of  shear  in  the  core.  The  computations  for  the  two 
predicted  frequencies  are  illustrated  in  Appendix  III.  Examination  of 
Table  III  reveals  close  agreement  between  the  observed  resonant  frequencies 
of  the  test  methods.  Comparison  of  the  observed  with  the  predicted 
resonant  frequencies  shows  agreement  within  six  per  cent  between  the 
observed  and  the  predicted  values,  neglecting  the  effect  of  shear  in  the 
core  for  the  six  beams. 
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TABLE  I 


DAMPING  RESULTS  FROM  STEADY  STATS  FORCED  VIBRATION  TEST 


(yQ  n  0.008  in.) 


r  =  Vt 

Observed 

Predicted 

Ar 

A„ 

n  =*3 

K 

n  =  2 

n 

( ODS . ) 

0 

760 

760 

760 

2.28 

0.260 

520 

580 

715 

2.82 

0.399 

820 

605 

715 

2.45 

0.516 

1260 

660 

715 

2.63 

0.803 

960 

1250 

715 

2.21 

0.257 

J?/t  =  27.5 

445 

1150 

725 

2.00 

TABLE  II 

DAMPING  RESULTS  FROM  FREE  VIBRATION  DECAY  TESTS 


»"{ 

H 

Tip 

Amplitude 

y0 

10-’  in. 

Logarithmic 

Decrement 

6 

Resonant 
Amplification 
Factor  Aj. 

0 

3.82 

6.5  x  10“° 

490 

6.84 

6.9  " 

450 

0.260 

4.06 

7.8  " 

400 

5.98 

9.3  " 

340 

0.39 

3.82 

5.1  " 

620 

7.72 

5.4  " 

590 

0.516 

3.18 

7.5  " 

420 

7.56 

8.7  " 

370 

0.803 

4.64 

8.5  " 

380 

12.6 

12.  " 

270 

0.257 

7.52 

18.  « 

300 

J?/t  =  27.5 

19.5 

19.  " 

280 
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TABLE  III 


COl.'BIHSD  RESONANT  FREQUENCY  RESULTS 


tc. 

r  -  ft 

Observed 

Predicted 

Free  Vibration 
Test 

cps 

Resonance 

Curve 

cps 

v/ shear 

cps 

v;/o  shear 

cps 

0 

166.3 

16c  .0 

163.2 

163.2 

0.260 

179.7 

181.7 

155.3 

132.0 

0.399 

192.0 

192.4 

163.8 

193.5 

0.516 

194.3 

195.5 

171.5 

207.0 

0.803 

224.2 

225.3 

197.0 

226.0 

0.257 

96.2 

95.9 

89.6 

95.6 

i/t  =  27.5 
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Conclusions 


From  the  results  of  the  study  of  the  damping  characteristics  of 
honeycomb  sandwich  construction,  the  following  conclusions  can  be  drawn. 

The  damping  capacity  of  the  honeycomb  sandwich  beam  as  specified  by 
the  resonant  amplification  factor  is  dependent  on  the  stress  level  for 
four  of  the  five  honeycomb  sandwich  beams  tested.  This  is  indicated  by 
the  decrease  in  the  resonant  amplification  factor  for  an  increase  in  the 
tip  amplitude  of  the  beams.  The  damping  exponent  n,  which  indicates  the 
degree  to  which  the  damping  energy  is  dependent  on  the  stress  level,  is 
determined  to  be  between  two  and  three  for  the  honeycomb  sandwich  beans 
tested.  The  evaluation  of  the  damping  exponent  n  and  the  order  cf 
magnitude  of  the  damping  constant  J  found  experimentally  from  the  solid 
beam  agree  with  values  of  these  constants  for  most  engineering 
materials  [l]  ,  [2]  ,  [7]  . 

The  mounting  system  used  in  the  test  methods  employed  in  this 
study  contributed  considerable  additional  damping  in  relation  to  the 
damping  of  the  beams  tested.  The  effect  of  stray  damping  limits  the 
conclusions  which  can  be  made  in  comparing  theory  with  test  results 
for  the  variation  of  amplification  factor  for  increased  core  thickness. 

The  initial  introduction  of  the  core  into  the  bean  has  the  greatest 
effect  in  increasing  damping  as  indicated  by  3  decrease  in  the  resonant 
amplification  factor.  As  the  ratio  of  core  thickness  to  total  beam 
thickness  is  increased,  although  the  results  are  erratic,  indications 
are  that  the  damping  decreases. 

The  fundamental  frequency  of  vibration  of  the  honeycomb  sandwich 
beams  studied  may  be  predicted  within  six  per  cent,  using  the  conventional 
Rayleigh  method  and  neglecting  the  effect  of  shear  in  the  core. 
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APES®  IX  I 


THEORETICAL  ANALYSIS 


The  resonant  arnplif ication  factor  Ay  is  the  primary  method 
selected  to  specify  the  amount  of  damping  that  exists  in  sandwich 
construction  material.  From  equation  (l)  page  3: 


n  _  ZirVo 

Hr-  Dt, 


(i) 


The  damping  energy  and  the  strain  energy  in  sandwich  construction 
are  composed  of  two  parts.  Assuring  rigid  attachment  of  the  core  to  the 
facings,  these  are  the  energy  in  the  core  and  the  energy  in  the  facings. 
It  is  also  assumed  that  the  strain  energy  due  to  shear  in  the  facings 
is  negligible  compared  to  the  energy  due  to  bending  and  that  the  energy 
due  to  bending  in  the  core  is  negligible  compared  to  the  energy  due  to 
shear.  The  strain  energy  and  damping  energy  are; 

T£  =  Ub+U, 


D0  -  0>b  +  DoS 

where  the  subscript  b  refers  to  the  bending  energy  in  the  facings  and 
s  refers  to  the  shear  energy  in  the  core. 

The  definitions  of  these  energy  terms  follow  from  the  principles 
of  basic  strength  of  materials.  The  strain  energy  due  to  bending  (in 
the  facings)  is: 


Ub--z 


/-•?  2 

■ill-  d 

EC  X, 


jo  '-x.  -*-y 

where,  at  any  point  x  along  the  beam: 

M  r:  bending  moment 

2L  =■  modulus  of  elasticity 

I  =.  centroidal  moment  of  inertia  of  section  area 


(8) 


H-- 


length  of  beam 


30 


(9) 


The  strain  energy  due  to  shear  in  the  core  is 


where,  at  any  point  x  along  the  "beam: 

\  x  =  shear  stress 

G  =  shear  modulus 
x 

w  =.  width  of  beam 

Two  types  of  stress  are  assumed  present  in  the  honeycomb  constructed 
beam:  uniaxial  stress  in  the  facings;  amd  pure  shear  in  the  core.  It  has 
been  shown  by  previous  investigation  DO  that  internal  friction  in 
engineering  materials,  as  represented  by  the  damping  capacity,  is  due 
only  to  the  distortion  of  the  material.  Thus  for  equal  damping  energies 
under  uniaxial  stress  and  under  pure  shea.r: 


and  for  equal  distortion  energies  DO: 


therefore 


do) 


The  damping  energy  due  to  bending  in  the  facings  is  [3] 


where  the  specific  damping  energy  is 


and 
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where  CT  is  the  stress  at  any  point,  0"x  is  the  maximum  stress  (at  the 
outer  fibers)  at  any  position  x  along  the  length  of  the  beam,  and  t/2 
is  the  maximum  distance  from  the  neutral  axis  to  the  outer  fibers  at 
x.  Therefore: 


(11) 


The  damping  energy  due  to  shear  in  the  core  is 


where  the  specific  damping  energy  is 


Ds  =  Ith 


Substituting  equation  (10)  gives 


2 


Substituting  equations  (8),  (9),  (11)  and  (12)  into  equation  (l). 


(12) 


(13) 


Equation  (13)  describes  the  damping  characteristics  of  a  honeycomb 
sandwich  constniction  beam.  This  analysis  is  restricted  to  a  symmetrical 
beam,  i.e.,  the  facings  are  of  equal  thickness,  and  the  core  and  facings 
are  of  the  same  material. 

For  purposes  of  further  analysis  a  symmetrical  cantilever  beam 
with  constant  cross  section  is  assumed  with  core  and  facings  of 


aluminum  alloyp  The  core  is  composed  of  a  hexagonal  honeycomb  pattern 
suitably  bonded  to  the  facings.  The  value  n=3  is  assumed  for  room 
temperatures,  moderate  cyclic  stress  history,  and  stress  levels 
considerably  less  than  the  yield  strengtho 

Incorporating  these  assumptions  into  equation  (lo) 


a= 


(14) 


For  a  cantilever  beam  vibrating  in  its  fundamental  mode  the  extreme 
deflection  is  assumed  to  be  represented  by: 


(ft  - 


(15) 


From  basic  strength  of  materials 

Mx=  f 


'.-'here  ^  is  a  dummy  variable,  JX  is  the  mass  per  unit  length  of  the 

2 


beam,  and  OJ  is  the  circular  frequency.  Then 

r  A 

My  =/< 


Equation  (8),  representing  the  strain  energy  due  to  bending  in  the 
facings,  becomes 


Uc  SEI 


0.00^18 


(16) 
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bimilarly  equation  (11),  represent rag  the  damping  energy  due  to  bending 


in  the  facings,  can  be  evaluated*  For 


then 


Then 


Before  evaluating  eruptions  (9)  and  (12)  to  find  the  strain  energy 
and  damping  energy  due  to  shear  in  the  core,  the  voids  in  the  core  must 
he  considered.  For  calculating  the  shear  stress,  an  equivalent  width 
for  the  core  gives  the  desired  results.  Referring  to  Fig.  3 

Wa=  (cWtt\ 

where  is  the  weight  of  the  core  in  a  length  A  ,  w  is  the  beam  width, 
and  is  the  specific  weight  of  the  honeycomb  core*,  Also* 


where 


is  the  specific  weight  of  the  honeycomb  core  alloy  and 

\  -  — A _ _ 

Ai  i  +  cos,  e 


v/e  ~  equivalent  width  of  core  for  shear  stress  calculation 
(2  V£  times  the  number  of  units  in  beam  width  w) 


The  equivalent  width  is 


I  -+  Q/t/b 


(18) 


Thus ,  for  &  -  60° 


w. 


The  presence  of  the  voids  also  affects  the  volume  sunmntionc  in 
equations  (9)  and  (12)0  Since  does  not  vary  vith  y,  the  voids  are 
accounted  for  hy  talking 


tc 

z 


(18a) 


The  shear  stress  in  the  core  can  he  found  from  basic  strength  of 
materials 


^  -  Vs  Qy 
X  we 


where  the  shearing  force  V„  is 

"  J 


~  tf J  [('-£)- 


and  the  first  moment  of  the  facing  area  is 


2. 

•2 


QY=Udfl  =  (^)^w  =  w 


f-t! 


How,  letting 


/tc 

z 


the  shear  stress  becomes 


r„  = 


HIw, 


-A 


Substituting  the  shear  stress  into  equation  (9),  the  strain  energy 
due  to  shear  in  the  core  is; 
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(19) 


and  the  damping  energy  due  to  shear  in  the  core,  from  equation  (12)  is: 


H  =  jhfcwtc  (  y3  J 

^  l<3  J 


X  - 


JL 

27  K3 


tW$\i  wUi*-£f  1 9V  dx  (20) 
1  (y f»)  i 


r$ 

3/  9 


evaluating  the  integrals  in  equations  (19)  and  (20)  gives 

% 

j£  J*  =  O.Q'232  Jl 

JL 

y\_3  Jx  =  o.oznH 

Substituting  equations  (15),  (17),  (19)  and  (20)  into  equation  (14) , 
the  resonant  amplification  factor  Aj.  for  a  symmetrical  cantilever  beam 
of  honeycomb  sandwich  construction  becomes 


a  =  nr 

Tb 


f*x  ,  Q-QQtoo  ■  /,t 

^3  (L  LcjT  K3  (t  -lcJ 

It2- 13 ) 

Rearranging  and  substituting  I  =  ^ — £~ 


p  -  2-tt  k  i  a 

r" 


£S|Jfl=xl 

.  E  oAtl  Kp™ 


OAbb  E  fcglt/  h-y2)8-  ~t  V 


Ml  tt 


0.0Z1\IH\‘Ll\3 


^  -fr(i-Y') 


(21) 
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(22) 


v/ here  r  —  /t  is  the  ratio  of  core  thickness  to  total  thickness. 

Before  deriving  the  resonant  anplif ication  factor  in  its  final 
form,  the  frequency  must  be  evaluated  for  substitution  into  equation  (22) 0 
The  frequency  can  be  found  using  Rayleigh's  method 

Maximum  Strain  Energy  r  Maximum  Kinetic  Energy 


or 

u  +  u=  T 


(23) 


The  parts  of  the  strain  energy  Ut,  and  T-4  kave  been  determined  in 
equations  (16)  and  (19) .  The  maximum  kinetic  energy 


r  rK 

lAr*dm=.  ~2‘yuc°2 


where  y  is  given  by  equation  (10) „  Thus; 


T  =  0.1134  (jUUZLfta£) 


(24) 


Substituting  equations  (16).  (19)  and  (24)  into  equation  (23)  and 
o 

solving  for  60^  gives 


(x) 


*s  (3.5  Z) 


z 


Fl" 

]/pj 


(25) 


where 


Notice  that  for  zero  core  thickness  equation  (25)  reduces  to  that  for 
a  solid  cantilever  bean  DO. 

Substituting  equation  (25)  into  equation  (22): 


f~L" 


-  0MG> 2 
XGE 


vai  L/o 


2  |-Y3 


o.  mat  fore/ +  * 


(26) 
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Equation  (36)  is  "based  on  the  assumption  that  the  damping  exponent 


n  z  3,  If  n  —  3  instead,  equation  (13)  "becomes 


Substituting  the  previously  evaluated  integrals  and  arranging  in 
dimensionless  form: 


The  damping,  as  specified  by  the  resonant  amplif ication  factor, 
is  constant  for  variations  in  cross  section  for  a  damping  exponent 
n  —  3  Q0 .  In  equation  (38)  the  resonant  amplification  factor  will  be 
constant  for  variations  in  r  if,  and  only  if,  S/G  =  3.  In  this  project 
S/G  ^  3  and  the  term  in  the  brackets  is  very  nearly  constant  for  all 
values  of  r  except  r  =  0. 
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AFPEEDIX  II 


3XPEEDS1ITAL  APPARATUS  A'T  PROCEDURE 

Basic  Apparatus 

The  Basic  experimental  apparatus  consisted  of  five  20"  beams  and 
one  37.5"  beam  as  illustrated  in  Fig.  6.  The  nominal  dimensions  of  the 
beams  were  one  inch  in  width  and  one-half  inch  in  thickness.  The  beam 
dimensions  are  listed  in  Table  V  of  Appendix  IV.  The  honeycomb  core 
material  was  made  of  3005  aluminum  base  alloy  with  Hexcel  core  designation 
3/16  .0018P  3003  and  the  facings  of  the  honeycomb  sandwich  beams  were 
made  of  6061 -T6  aluminum  base  alloy.  The  facings  were  bonded  to  the 
core  using  a  Shell  Epon  907  adhesive  bending  material.  The  solid  beam 
was  made  from  24S-T6 

The  beams  were  mounted  on  a  spindle  in  both  test  methods  used  as 
illustrated  in  Figs.  7  and  8.  An  aluminum  disc  one  inch  in  diameter 
and  approximately  one-half  inch  thick  was  bonded  to  the  center  of  each 
beam  with  Eastman  910  adhesive.  The  aluminum  discs  were  threaded  to 
screw  onto  a  mounting  spindle.  The  aluminum  disc  was  locked  in  place 
with  a  lock-nut,  allowing  no  lost  motion  between  the  beam  and  the 
mounting  spindle.  In  the  steady  state  forced  vibration  test  method, 
the  spindle  was  an  extension  of  the  impedance  head.  In  the  free 
vibration  decay  test  method,  the  spindle  was  mounted  on  a  rigid  support. 

Instrumentation 

In  the  steady  state  forced  vibration  test  method,  the  equipment 
is  illustrated  in  Fig.  7  and  the  schematic  diagram  below  includes: 
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Vibration  Generator 


Amplifier 


Signal  Generator 


Accelerometer 


Cathode  Follower 


Voltmeter 


Electronic  Counter 


Oscilloscope 


Microscope 


Goodman  Ind.  LTD* 

V ibrat i on  Ge  ne rat or 
Model  39A 
Serial  Mo.  417 

Krohn-Hite  Inst.  Co. 
Ultra-low  Distortion  Fover 
Amplifier  Model  UF-101 
Serial  Ho.  135 

Donner  Scientific  Co. 

Sine  Wave  Generator 
Donner  Model  1202 
Serial  Ho.  224 

Sndevco  Corp. 

Model  2110  Impedance  Head 
Serial  Ho.  DA22 

Sndevco  Corp. 

Cathode  Follower 
Drawing  Ho.  XC1065 


Hewlett  Packard  Model  400D 
Vacuum  Tube  Voltmeter 
Serial  Ho.  22773 

Sput  Meter  Model  554  S 
Electronic  Counter 
Electro-Engineering  Works 
Serial  Mo.S  6079 

Hewlett  Packard  Model  130A 
Cathode  Hay  Oscilloscope 
Serial  Ho.  2417 

Gaertner  Heading  Microscope 


8  sum 


SCHEMATIC  DIAGRA’ 


FORCE  VIBRATION  TEST  E  UIPUHHT 
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The  following  equipment  v;as  1 

test  method,  as  illustrated  in  Fig 
Vibration  Source 
Strain  Gages 

Amplifier 

Oscillograph 

Timing  Unit 

The  strain  gages  were  arranged  in 
and  two  on  the  "bottom  of  each  "beam 


:..ed  in  the  free  vibration  decay 

8  and  in  the  schematic  diagram  below. 

«;uick  Release  5  lb  weight 

Sr -4  FAP-12-12 
Resistance  Strain  Gages 

Honeywell  Carrier 
Amplifier  Model  130-2C 
Serial  Iio.  130-162 

Honeywell  Visicorder 
Model  906B  with  Series  M1650 
Fluid  Damped  Galvanometer 
Serial  Ho.  9-7762 

Honeywell  Timing  Unit 
Serial  No.  0725 ’ 

four-gage  bridge,  two  on  the  top 


SCHEMATIC  DIAGRAM  OF  FRRS  VIBRATION  DECAY  TEST  EQUIPMENT 
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APPENDIX  III 


SAMPLE  CALCULATIONS 


The  data  on  dimensions  of  all  beams  are  listed  in  Table  IV.  These 
data  were  used  in  all  calculations.  In  this  Appendix,  the  data  for  the 
beam  r  =  0.260  is  used  for  the  sample  calculations. 

Predicted  Resonant  Amplification  Factor 

The  equations  for  the  predicted  resonant  amplification  factors  are 
developed  in  Appendix  I,  equations  (26)  and  (28)  for  a  damping  exponent 
of  three  and  two  respectively.  The  damping  constant  employed  in 
these  equations  was  found  experimentally,  using  the  resonant  amplification 
factor  for  the  solid  beam.  For  the  solid  beam,  equation  (26)  reduces  to: 


For  the  solid  beam,  equation  (28)  reduces  to: 


Listed  in  Table  V  are  computed  values  for  some  dimensionless 
ratios  used  in  the  computations  to  follow.  Equation  (26)  is  repeated 
here  for  convenience. 
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TABL^  IV 


BEAM  Dll  EITSIOIIS 


r  =  tc/t 

tf 

t 

t 

c 

S 

V7 

W 

l/t 

Pc 

- 

inches 

lbs 

— 

lb/ft3 

0 

- 

0.500 

0 

10.00 

1.000 

1.0030 

20.00 

- 

0.260 

0.186 

0.503 

0.131 

10.01 

1.002 

0.7530 

19.90 

4.16 

0.399 

0.152 

0.506 

0.202 

10.00 

1.001 

0.6240 

19.77 

4.40 

0.516 

0.120 

0.496 

0.256 

10.01 

1.002 

0.4322 

20.18 

4.62 

0.803 

0.049 

0.503 

0.404 

10.00 

0.998 

0.2426 

19.89 

4.48 

0.257 

0.186 

0.501 

0.129 

13.  -76 

1.002 

1.0480 

27.46 

4.16 

Solid  Beam  g  Honeycomb  Sandwich  Beams 

E  =  10.6  x  10°  psi  E  =  10.0  x  106  psi 

G  =  3.87  x  106  psi 


TABLE  V 

COMPUTED  VALUES  POE  HONEYCOMB  BEAM 
(r  =  0.260) 


v- tc/ 

j  _  f  ** 

d-v")2- 

1  -  v'i 

1  +  r2 

A 

Y=  ft 

1  * 

i  -r 3 

(I-W 

l  -  r2- 

-V 

0.260 

0.932 

0.885 

1.130 

1.137 

0.024 
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flv 

n-3 


0.MC2, 


ft 


,1^j  N] 


Mid)  iP 


a  3 

-r 

7«)».  ■+  r 


0.231 


where: 


6.o3 


i-y3 


^■03)OorT)(Q.5g3y^0.260) 

(3.S7xl0fc)(0.02‘O){l0.0l)a 


•6W  =  0.374 


The  term  outside  the  brackets  becomes: 


ft.Mfem02l<3HlO'003a'37M)  „nD 

(0.‘)fc8ilo-ttj(3.87«ll)'3)(0.008)(().5i)ijt  '  *u0 


Y/ithin  the  "brackets,  the  numerator  is: 


fo.lUX3.g7JO%,02H3)(lO,OlV7l.l30) 

(l Ox  to4")  (0.503)* 

and  the  denominator  is: 


+  0.2C0  =  0.706 


(0.0£3l)(0.02¥3)(lO.Ol)3(l./37) 

(i^33p  + 


fa2W)(ft932l=  0.378 


therefore 


A,  =  zoe  ^ 


;  577 


3? 


Equation  (28)  is  also  repeated; 


JL 

3L^ 


I  4-  6.03  <3  (j? 


-  v  3 


1+111 W)^ 


The  term  outside  the  brackets  is  the  resonant  amplification  factor  for 


the  solid  beam. 


TT 

3^ 


-  760 


Within  the  brackets  the  numerator  is: 


,  (C,.O3W)(0.503),'(0.Z(rO)  ,,/icq^ 

(^,37x/o7(0.o^3)(l<5.oOy  w‘ 


1. 37  i 


and  the  denominator  is: 


i  _l  ( I  8.  l)  (0.5*03^  (tfLhQ)  /a  ^  mi  oo 

1  +  ^ToT^jiio.o,)4 — (O'88*-'  -  l'432 


therefore 


A,  =  760 


1.377 
1.7  32 
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Predicted  Frequencies 


The  equation  for  the  resonant  frequency,  as  derived  in  Appendix  I, 


is  equation  (25): 


=  (3.52)' 


ei' 
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(25) 


or ,  in  lb,  in, , 


sec  units,  the  frequency  f  (cps)  is 

r  VV  V/2r  .  -i'/2 

-1  M  fa 


|wPj 


■P. 


where  yj  was  evaluated  in  the  previous  section. 


f »  H.HU 


flo'lHo.503f(Q.98£'l  1 

(0.7«3)(lO.0l)3(l.3Ti  )J 


fa 


-  155.3 


(25a) 


Notice  that  the  factor  in  equation  (25)  that  contains  (5  is  due 
to  the  effect  of  shear  in  the  core.  If  this  term  is  set  equal  to  zero 
this  neglects  the  effect  of  shear  in  the  core.  Equation  (25a)  then 
becomes 


f 


k 


and 


-fr  4,4  96 


7io%&>3)V?S2) 

(o.'X.3j(f0.003 


182.0  ttju. 


Static  Strain 


Fp’om  elementary  strength  of  materials,  the  extreme  fiber  strain  is 


El 


6 

Ewt* 


Pi 

T3T5 


mzm  m  c  c  :  /. 

(I (P)(b, 5 03)5 (0.992)  ' 


Damping  Exponent  (n) 

Equations  (26)  and  (28)  of  Appendix  I  provide  a  means  of 
evaluating  the  damping  exponent  n.  For  a  value  of  two,  there  is  no 
dependence  of  the  resonant  amplification  factor  on  the  tip  amplitude 
of  vibration.  An  inverse  proportionality  exists  between  the  resonant 
amplification  factor  and  the  tip  amplitude  of  vibration  for  a  damping 
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exponent  of  three.  Therefore,  from  equation  (36)  of  Appendix  I; 

1  *>.  1 

From  Fig.  4,  using  the  curve  for  r  s:  0,260 

Tio  _  /9.7\n~& 

H 10  t  H.3  / 

n  s  82 


Strain  Energy  in  Mounting  Bond 

The  strain  energy  in  the  bonding  materiel  between  the  aluminum 
disc  and  the  lower  face  of  the  beam  is  considered  to  be  due  for  the 
most  part  to  the  strain  in  beam.  The  thickness  of  the  bond  is  estimated 
as  0.001"  and  the  strain  at  the  outer  fiber  of  the  beam  is  taken  as 
60  ^Uin./in,.  A  cross-section  of  the  bonding 
material  under  the  shear'  strain  is 


1 5 


shown  in  simplified  form  in  the 
adjacent  figure.  The  strain  energy 
due  to  shear  is; 

u  -- 


M<- 


-  0.  5  m. 


i 


Crment 

~T  /  f  '  /  / 

Aluminum  Disc 


j/  G.OOytfv. 

777^7  7  /  /;////  /  7T77T77  * 


s  V, 


where; 


therefore 


*  2  h 

£  -  Average  displacement  (lS^in.) 

A  z  Area d|)  -  0, 3S8 

h  z  0.001  in. 

G  Z  Shear  modulus  of  the  bonding  material  - 
estimated  as  100,000  psi 


U*  (Z)  (0.001)  -O.OOH^.-U 
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Comparing  this  amount  of  strain  energy  with  the  total  amount  of  strain 
energy  in  the  bean  with  the  suspended  five  pound  weight  prior  to 


initiating  vibrations  in  the  free  vibration  decay  tests? 

W  =  i  Pa. 

w=  -g  (Z.S)(0.0O8)z  0.01  /m.-tb 

The  strain  energy  in  the  bonding  material  is  approximately  40  per  cent 
of  the  total  strain  energy  in  the  bean* 


i 
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APPENDIX  IV 


SEDUCTION  OF  EXPEH  DENTAL  DATA 


Forced  Vibration  Tent  Method 

The  measured  data  in  the  steady  state  forced  vibration  test  method 
were  the  amplitudes  at  the  tip  and  root  of  the  beam  and  the  frequency 
of  vibration.  The  amplitude  at  the  tip  of  the  bean  was  measured  in 
divisions  of  the  scale  marked  on  the  reticle  of  the  microscope.  The 
microscope  was  calibrated  with  a  standard  calibration  disc  on  which 
was  etched  a  scale  or.e  centimeter  in  length  with  300  divisions. 
Therefore,  calibrating  the  microscope  it  was  found 

2.55  div.  on  microscope  n:  0.01  cm 

Since  the  double  amplitude  of  the  tip  of  the  beam  was  recorded,  the 
amplitude  yQ  is: 


v  -  divisions  on  microscope  „  n- 
yo  -  cTTn  Y  2  cn  '  ' 


Vo  = 


5.10  x  2.54 

dtv.  ..  ,  n-2  . 

x  10  m. 


0  "  12.95 

The  amplitude  at  the  root  of  the  beam  was  sensed  by  an  acceleromete 
and  displayed  on  the  voltmeter  in  millivolts.  The  information  taken 
from  the  manufacturer's  instruction  book  on  the  Endevco  2110  Impedance 
Head,  gives  the  acceleration  in  terms  of  the  voltage  output  as  [loj  : 


accelerat ion 


v  i  fd-t-cV) 

&cf  [  Cp+iooj 


thus 


where 


d0 


(jTrtTp 


J/ 

fi, 


CF 


L 


Cp  4  100 


V  -  Voltage  reading  in  millivolts  on  VTVM 

0  -  Gain  of  the  cathode  follower  -----  0.857 

CF 
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s 


Sensitivity  of  accelerometer 


51.5 


mv(rms) 

S  pk 


C 


Capacitance  of  the  accelerometer  -  -  1676 


Ct  -  Capacitance  of  the  cathode  follower 

and  connector  (13  +  97)  -------  109  jAJAf 

f  -  Frequency  of  vibrations  in  cps 
Therefore  the  amplitude  a0  of  the  root  of  the  beam  is 

a0-  0.223 

The  frequency  of  vibrations  was  measured  by  an  electronic  counter 
set  for  a  ten  second  counting  period  and  displaying  the  frequency  to 
the  nearest  0.1  cps. 

The  resonance  curves  for  the  six  specimen  beams  are  shown  in 
Figs.  9  to  11.  The  experimental  data  for  the  variation  of  the  resonant 
amplification  factor  with  tip  amplitude  are  listed  in  Table  VI  and 
plotted  in  Fig.  4. 


Free  Vibration  Decay  Test  Method 

From  the  oscillograph  record  of  free  vibration  decay,  the  data 
were  reduced  in  the  following  manner;  on  each  run,  a  zero  time  for 
amplitude  measurements  was  selected.  At  this  point,  a  short  portion 
of  the  envelope  of  the  vibration  decay  curve  was  determined  by  drawing 
the  best  straight  line  through  two  or  three  peaks  on  each  side  of  the 
zero  time.  The  measured  zero  amplitude  XQ,  was  the  distance  between 
the  envelope  lines  on  the  zero  time  line.  Several  more  amplitudes 
(Xa>  X2n,  Xsn  -  -  -  )  were  measured  in  the  sam^  manner  at  an  elapsed 
time  of  n,  2n,  3n  -  -  -  cycles,  respectively,  from  zero  time.  A  plot 
of  the  In  X  vs  n  is  a  curve  whose  slope  is  equal  to  the  logarithmic 
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decrement.  The  resultant  curves  showed  slight  curvature  and  thus  were 
broken  up  into  two  parts  for  each  run  and  the  slope  of  each  part 
determined  for  the  logarithmic  decrement.  The  data  determined  in  this 
manner  are  listed  in  Table  VII.  The  average  of  the  three  runs  for  both 
parts  of  the  curve  of  each  beam  tested  is  listed  in  the  results. 

The  frequency  was  determined  by  counting  the  number  of  cycles  on 
the  oscillograph  record  in  a  one  second  time  period.  This  frequency 
for  each  of  the  three  runs  is  listed  in  Table  VII  and  the  average  is 
listed  in  the  results. 

A  portion  of  an  oscillograph  record  of  the  free  vibration  decay 
was  copied  and  is  shown  in  Fig.  12. 
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TABLE  VI 


STEADY  STATS 


FORCED  VIBRATJOl1 


IXP3RII 


ITAL  DATA 


Root  Amplitude  aQ 

Tip  Amplitude  yQ 

Resonant 
Amplification 
Factor  Ar 

millivolts 

-6 

10  inches 

microscope 

divisions 

—3 

10  inches  . 

Solid  Beam 

—  166*0  cps 

V  ambient  —  0*045  irrv 

0.30 

2.42 

4.4 

2.40 

990 

0.50 

4.03 

6.0 

3.63 

£00 

0.60 

4.84 

7.0 

4.40 

9i0 

0.70 

5.66 

7.8 

5.00 

880 

0.80 

6.45 

8.2 

5.32 

820 

0.90 

7.28 

9.0 

5.94 

815 

1.00 

8.11 

9.8 

6.57 

810 

1.20 

9.68 

10.2 

7.63 

790 

1.50 

12.13 

12.8 

8.85 

730 

r  =  0.260 

fa=  181.7  cps 

V  ambient  =  0*045  imr 

0.60 

4.05 

5.0 

3.32 

820 

0.70 

4.72 

5.5 

3.78 

800 

0.80 

5.39 

6.2 

4.25 

790 

0.90 

6.06 

6.7 

4.62 

760 

1.00 

6.73 

7.2 

5.00 

740 

1.25 

8.43 

8.7 

5.63 

670 

1.50 

10.12 

9.2 

6.57 

550 

2.00 

13.5 

10.5 

7.55 

560 

3.00 

20.3 

12.5 

9.10 

450 

3.50 

23.6 

13.3 

9.72 

410 

r  ^  0.399 

fn=  192.4  cps 

V  ambient  —  0.04  mv 

0.50 

3.05 

3.8 

2.54 

845 

0.60 

3.61 

4.5 

o.OS 

855 

0.71 

4.25 

5.3 

3.71 

870 

0.90 

5.41 

6.6 

4.70 

870 

1.00 

6.02 

7.0 

5.01 

835 

1.25 

7.52 

8.8 

6.40 

850 

1.50 

9.01 

10.4 

7.63 

845 

2.00 

12.0 

12.5 

9.25 

770 

2.50 

15.1 

14.4 

10.70 

710 
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TABL3  VI  (cont.) 


Hoot  Amp! 

Litude 

Tip  Ampli 

.tude 

He sonant 

Anplif i cat ion 
Factor  A Y 

millivolts 

10  ^  inches 

microscope 

divisions 

10  ^  inches 

r  =  0.516 

fn  =  195, 6  cps 

V  ambient  -  0.045  mv 

0.60 

3.50 

7.5 

5.23 

1500 

0.70 

4.07 

8.0 

5.62 

1380 

0.80 

4.66 

9.0 

6.40 

1375 

0.91 

5.30 

9.7 

6.94 

1310 

1.00 

5.82 

10.3 

7.40 

1270 

1.25 

7.28 

11.8 

8.56 

1175 

1.50 

8.74 

13.6 

9.95 

1140 

2.00 

11.7 

15.8 

11.6 

1000 

2.52 

14.7 

17.8 

13.2 

900 

3.00 

17.5 

19.3 

14.7 

845 

r  =  0.803 

fn=  225.3  cps 

V  ambient  —  0.045  mv 

0.50 

2.20 

3.2 

2.24 

985 

0.75 

3.27 

4.4 

3.18 

965 

1.00 

4.53 

5.9 

4.33 

995 

1.20 

5.23 

6.9 

5.10 

975 

1.40 

6.13 

8.2 

6.10 

995 

1.60 

7.00 

9.2 

6.87 

980 

1.80 

7.91 

10.0 

7.48 

945 

2.00 

8.76 

11.0 

8.26 

940 

2.50 

11.0 

13.2 

9.95 

910 

3.00 

13.2 

15.3 

11.6 

880 

4.00 

17.6 

20.0 

15.1 

865 

r  =.  0.257 

J?/t  =  27.5 

f n  =  95.9  cps 

V  ambient  =.  0.045  mv 

0.37 

3.92 

6.1 

3. 94 

440 

0.50 

12.1 

7.9 

5.32 

440 

0.78 

18.9 

11.4 

8.02 

425 

0.98 

23.7 

14.8 

10.6 

450 

1.23 

31.0 

19.0 

13.9 

450 
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TABLE  VII 


FREE  VIBRATIOi:  DECAY  SiPZRIIIENTAL  DATA 


Hun 

f 

Xo 

Xn 

*2n 

X3n 

-»r 

A4n 

n 

Vo 

s 

cps 

Inches 

cycles 

eve rage 

Solid  Beam 


1 

X 

2 

3 

166.4 

166.3 

166.2 

3.99 

4.04 

4.14 

3.48 

3.54 

3.52 

3.045 

3.12 

2.96 

2.63 

2.77 

2.48 

2.40 

2.30 

40 

40 

40 

0.0067 

0.0069 

0.0069 

0.0069 
0,  0065 
0.0075 

1 

2.63 

2.35 

2.07 

1.82 

40 

0.0046 

0.0062 

2 

2.11 

1 086 

1.66 

1.44 

1.26 

40 

0.0037 

0.0063 

3 

1.76 

lo  56 

1.34 

1.15 

1.01 

40 

0.0C32 

0.0059 

r  =  0,260 


1 

180,3 

2.48 

2.00 

1.72 

1.43 

40 

0.0045 

0.0092 

2 

179.4 

2.40 

1.97 

1. 66 

1.41 

- 

40 

0.0060 

0.0089 

3 

179.3 

2.72 

2.29 

1,85 

1.51 

- 

40  ‘ 

0.0047 

0.0098 

1 

1.16 

1.00 

0.85 

0.70 

40 

0.0041 

0.0082 

2 

1.20 

1.01 

0.86 

0.75 

40 

0.0041 

0.0080 

r-» 

o 

1.51 

1.24 

1.04 

- 

- 

40 

0.0039 

0.0072 

r  =  0.399 


1 

192.1 

3.80 

3.42 

00 

o 

0 

to 

2.76 

2.48 

20 

0.0079 

0.0053 

2 

192.1 

3.30 

2.78 

2.42 

2.06 

1.72 

30 

0.0065 

0.0054 

3 

191.8 

3.70 

3.15 

8.68 

- 

- 

30 

0.0080 

0.0054 

1 

2.48 

2.24 

2.02 

1.81 

20 

0.0054 

0.0052 

2 

1.72 

1.50 

1.28 

1.10 

— 

30 

0.0035 

0.0053 

3 

1.96 

1,69 

1.42 

1.22 

- 

30 

0.0040 

0.0C53 

r  =  0.516 


1 

194.3 

2.83 

2.20 

1.64 

1.25 

30 

0.0060 

0.0091 

2 

194.2 

2.32 

1.85 

1.33 

1.04 

30 

0.0056 

0.0089 

3 

194.4 

2.52 

1.95 

1.56 

- 

- 

30 

0.0080 

0.0080 

1 

1.25 

0.38 

0.78 

0.62 

0.49 

30 

0o 9034 

0,^079 

2 

0.76 

r‘.S2 

0.48 

— 

_ 

r\ 

OU 

0.0039 

0.0082 

3 

1.56 

1.27 

1.00 

- 

— 

30 

0.0050 

0.0074 
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TAB Li  VII  (cont.) 


Rina 

f 

xo 

Xn 

X2n 

X3r. 

x4n 

n 

y  o 

s 

cps 

Inches 

cycles 

v*- 

average 

v  —  0 . BCo 


i 

224.3 

2.87 

2.45 

1.64 

1.53 

1.28 

20 

0.0125 

0.0104 

2 

224.2 

2.95 

2.09 

1.39 

— 

20 

0.0127 

0.0154 

r? 

*3 

224.2 

2.36 

1.96 

1«  59 

- 

- 

20 

0.0115 

0.0098 

1 

1.00 

0.90 

0.73 

0.47 

0.35 

20 

0.0048 

0.0104 

2 

.59 

0.76 

0.57 

0.42 

— 

20 

0.0041 

0.0127 

o 

1.38 

1.24 

1.12 

- 

- 

20 

0.0073 

0.0052 

r  s  0.257 

11 

27.5 

• 

1 

96.1 

2.62 

2.08 

1.77 

1.45 

1.13 

10 

0.0202 

0.0210 

2 

96.2 

2.55 

2.34 

1.66 

1.32 

- 

10 

0.0202 

0.0219 

5 

96.3 

3.54 

3.04 

2.53 

2.24 

1.93 

10 

0.0218 

0.0151 

4 

96.2 

2.90 

2.48 

2.06 

- 

- 

10 

0.0211 

0.0170 

1 

1.13 

0.  93 

0.76 

0.62 

10 

0.0072 

0.0200 

2 

1.06 

0.84 

0.72 

0.58 

0.47 

10 

0.0075 

0.0203 

3 

1.65 

1.45 

1.25 

1.06 

0.94 

10 

0.0098 

0.0141 

4 

2.06 

1.76 

1.54 

1.26 

1.08 

10 

0.0091 

0.0161 
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a 

cij 

IH 


